Susceptibility of methionine to oxidation is an important concern for chemical stability during the development of a monoclonal antibody (mAb) therapeutic. To minimize downstream risks, leading candidates are usually screened under forced oxidation conditions to identify oxidation-labile molecules. Here we report results of forced oxidation on a large set of in-house expressed and purified mAbs with variable region sequences corresponding to 121 clinical stage mAbs. These mAb samples were treated with 0.1% H 2 O 2 for 24 hours before enzymatic cleavage below the hinge, followed by reduction of inter-chain disulfide bonds for the detection of the light chain, Fab portion of heavy chain (Fd) and Fc by liquid chromatography-mass spectrometry. This high-throughput, middle-down approach allows detection of oxidation site(s) at the resolution of three distinct segments. The experimental oxidation data correlates well with theoretical predictions based on the solvent-accessible surface area of the methionine side-chains within these segments.
Introduction
Throughout manufacturing, storage, transportation, and administration, therapeutic monoclonal antibodies (mAbs) are subject to biophysical and biochemical stress from multiple sources, which may lead to their degradation via aggregation, fragmentation, and chemical modifications, such as oxidation, deamidation, or isomerization. Among these undesirable degradation products, oxidation is one of the most commonly observed post-translational modifications. Oxidative stress in therapeutic mAbs may come from direct contact with oxygen, degradation of excipients in formulation, metal ion traces from production equipment or cell culture, exposure to light, vaporized sanitation agents, and cavitation. 1 MAb oxidation can lead to aggregate formation, 2 reduced biological activity, shortened half-life, 3, 4 and immunogenicity. 2 Although all twenty natural amino acids can in principle be oxidized, 5 intrinsic oxidation rates span three orders of magnitude. Residues containing sulphur and aromatic groups are the most labile to oxidation. In addition to the wide range of intrinsic reactivities, protein dynamics and conformation can further impact the measured reactivity of a given residue. This has been previously observed with reduced level of oxidation for methionine (Met) with either lower solvent exposure or higher protein conformational stability. [6] [7] [8] [9] [10] At the early stage of mAb discovery, assessing oxidation stability of therapeutic candidates to minimize downstream risks is critical. Early identification of oxidation-prone sites enables antibody engineering to eliminate oxidation liability of leading candidates while maintaining binding activity.
Previous studies have mostly focused on the elucidation of oxidation sites on a small number of mAbs with higher resolution methods, such as tryptic peptide mapping (TPM). In this work, we present a combination of forced oxidation (24 hours) and enzymatic digestion (0.5 h) for a high throughput middle-down liquid chromatography-mass spectrometry (LCMS) approach (3 min/sample) with which we screened 121 samples with variable region sequences corresponding to clinical stage mAbs in six hours. This middle-down approach permits rapid analysis at segment resolution (LC, Fd, and Fc). Concurrent machine learning-based estimation of solvent-accessible surface area (SASA) for the 4 methionine side-chain was found to correlate well with oxidation levels in Fd and LC species, suggesting high confidence in the predictions of the SASA model, and thus the prediction of oxidation propensity at the sequence level.
Results
One hundred and twenty-one mAbs at advanced clinical stages, with variable regions matching published sequences, were produced recombinantly in HEK293 cells. 11 All mAbs were expressed as Representative LCMS spectra, corresponding to Fc, LC and Fd segments of control (unstressed) and oxidized infliximab, are shown in Figure 1 , A-C. To be concise, we used the US Adopted Name (USAN) for all samples made with IgG1 isotype and published variable region sequences. In Figure   1A , the peak corresponding to two Fc oxidation events was the dominant species, suggesting that at least two sites were oxidized under the current forced oxidation condition. This result is consistent with the observed oxidation in other experimental studies 12 and with the known crystal structures of the Fc, where Met252 and Met428 side-chains have an average solvent exposure of 36% and 14%, respectively. The results of these calculations are presented in the Supplementary Table (Fc-SASA tab of the Excel file). Interestingly, for this particular mAb, both LC ( Figure 1B ) and Fd ( Figure 1C) showed a single oxidation species as the dominant oxidation product.
The consolidated results for the 121 mAbs are displayed in Figure 2 . To differentiate oxidation signal (+16 Da peak) from low level water adduct (+18 Da peak), a greater than 50% loss of the native (unmodified) species peak was used as a cutoff for assigning a true oxidation event. Motavizumab was 5 considered as having an oxidation signal since the loss of its native species is 48%, which is close to the 50% threshold. For cases that passed this threshold, the number of oxidation events was assigned as the species with the dominant peaks. The experimental data is summarized in the Supplementary For the theoretical predictions, a methionine was considered oxidized if its predicted fractional SASA was greater than a cutoff threshold. Since all samples share the same kappa light chain constant domain and CH1 domain, which do not contain methionine, the theoretical predictions were focused exclusively on the variable regions. The cutoff value was optimized against the experimental data to maximize the number of antibodies with the correctly predicted oxidation state. The results of the optimization are shown in Figure 3 . A fractional SASA cutoff of 9% was found to exhibit the highest recapitulation of the experimentally assigned number of oxidation states. As seen from Figure 3 , the results were relatively insensitive to cutoff values in the range of 8--11%. Table 1 shows a comparison of the experimental and predicted number of oxidation states. Overall, we find significant correlation between predicted methionine side-chain SASA and oxidation propensity for both the Fd and the LC. Table 2 . Some of these samples were further investigated by TPM to locate the site of oxidation at the single amino acid level.
Three of the four false negatives for the LC, ponezumab, motavizumab and tovetumab, have a methionine at position 4. For two of these cases, ponezumab and motavizumab, which were investigated using peptide mapping, the oxidation of methionine at position 4 was confirmed ( Table 3 ).
The theoretical prediction of a SASA of 0--1% at this position is not consistent with the experimental data. In the entire dataset, there are 61 instances of a LC with methionine at position 4 and no other methionine elsewhere. In this set, 57 cases have 100% native LC, 3 additional antibodies have % native LC above 70% but under 100%. The crystal structure of ponezumab (Protein Data Bank (PDB)
ID: 3U0T) clearly shows that the methionine at FR1 in LC is buried. While the predictions are consistent with the majority of the data, the detection of oxidation for these cases indicates exceptions that could result from structural flexibility at the LC N-terminus that is not captured well by the modeling where the backbone is held fixed. 8 The fourth false negative consists of methionine at L48
in the LC-FR2 of gemtuzumab, which is rare in that all other antibodies in this set have an isoleucine at this position. We identified 9 PDB structures (1AD9, 1DBB, 2AEP, 2AJ3, 4XMP, 4ZYK, 5EA0, 5BZW, 5I9Q) containing a methionine at L48. The fractional SASA ranged from 0-0.6% over these experimental structures, thus suggesting the SASA prediction itself does not explain the failure to anticipate this oxidation event.
For all four HC cases investigated further by peptide mapping, the methionine near the end of H3 is likely oxidized, despite the fractional exposed SASA being ~ 2%. The crystal structures for trastuzumab (PDB IDs: 1FVC, 1N8Z, 4HKZ, 4UB0) also show that the methionine towards the end of the H3 is buried. Within the 121 samples investigated, 22 have methionine at the same site displayed 7 in Table 4 ; despite being in the highly variable complementarity-determining region (CDR)H3, JH genes in both mouse and human encode for a methionine at this position, and thus explain the relatively high frequency of this feature. There are 7 cases with % native Fd <50%, 8 cases with 50% ≤ Fd < 100% and 7 cases with 100% native Fd. These data indicate that the factors affecting the oxidation of methionine at this position are not entirely captured by the current model for predicting SASA or by the static conformations in the crystal structures.
Molecular dynamics (MD) simulations were carried out for two of the false negative cases, ponezumab and trastuzumab, to investigate whether explicit consideration of structural flexibility could explain the experimentally observed oxidation. Five-thousand snapshots over a 50 ns trajectory were analyzed to determine the two-shell water coordination number (WCN) 7 and SASA for the sulfur atom, since these metrics have been shown to accurately capture oxidation propensity over a wide diversity of proteins. 8, 13 The results are show in Figure 5 . For ponezumab, we did not observe any exposure of sulfur atom at L4. The average WCN over the entire trajectory was 0.15 waters. In the case of trastuzumab, for the methionine near the end of the CDR H3, we observed an average sulfur atom SASA of 0.005Å 2 and an average WCN of 2.1 waters. While the sulfur atom is not exposed, this average of the WCN satisfies the condition of at least 2--3 waters needed for the oxidation of methionine, 8, 13 which could indicate that conformational flexibility in solution enables oxidation at this position.
Discussion
Methionine oxidation in the Fc may lower the binding affinity of IgGs to Protein A and FcRn, leading to decreased recovery in process, and faster in vivo clearance. 12 Some of the methionine residues are not structurally exposed and do not add any risk of oxidation, under the conditions studied. In this work, all the exposed methionine in either LC or Fd, as predicted by the methionine side-chain SASA model, exhibited a significant propensity for oxidation under the forced oxidation condition. No false positive predictions were observed. This is useful for the early antibody discovery stage, where up to hundreds of candidates for each target require chemical stability assessment. Decreasing the time and cost in going from sequence to physical production of mAbs, and in subsequent stressing experiments, can add substantial value to a turnaround discovery cycle. It must be noted, however, that our study included several examples of false negative observations, where oxidation was observed experimentally without a corresponding prediction of an exposed methionine residue. The differences observed here could be due to expression host, process conditions, or the failure of the static crystal structure to capture the solution conformations that expose the methionine residue. The sequence-based machine learning model for SASA prediction model described here is based on the analysis of static crystal structures of 712 mAbs, and does not explicitly account for the dynamic conformation changes in solution. Accounting for structural flexibility using MD simulations has successfully captured relative oxidation propensities 8, 13 _ENREF_8 better than using static SASA.
For the two mAbs investigated in this study using MD, ponezumab and trastuzumab, the results were inconclusive. This observation emphasizes the importance of theoretical SASA prediction followed by high-throughput experimental verification to support early-stage discovery. We examined the correlation of oxidation propensity with biophysical characteristics 11 for this set of mAbs, such as estimated isoelectric point, HEK expression titer, thermostability (Fab melting temperature) and hydrophobicity (hydrophobic interaction chromatography retention time), and found that all rank correlation coefficients were less than 0.2.
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Materials and methods
The 121 antibodies were expressed in HEK293 cells. was purchased from Genovis.
Commercial therapeutic mAb drugs are obtained from Myoderm.com.
Generation of Oxidized mAbs
Samples were subject to 0.1% (w/w) H 2 O 2 treatment for 24 hours with protection from light.
Oxidation reaction were quenched by adding free methionine in solution at ~ 4:1 (methionine:H 2 O 2 ) molar ratio. Samples were stored at -80°C prior to further treatment or analysis.
Ides Digestion
The oxidized mAb samples were digested using FabRICATOR (Genovis, 1 unit/µg IgG) at 37ºC for 30 minutes. Following digestion, samples were stored at -80ºC until LCMS analysis.
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LC-MS
The Ides-digested mAb samples were reduced by DTT, followed by middle-down LCMS analysis on a Bruker maXis4G mass spectrometer coupled with an Agilent 1100 HPLC (Agilent) The MS spectra were analyzed using Bruker Data Analysis version 4.1 and the deconvolution was accomplished using maximum entropy deconvolution with a mass range of 20 to 30 kDa.
Tryptic Peptide Mapping
The TPM assay was performed as previously described except the digestion time and enzyme-toprotein ratio. 14 Thermo Q Exactive mass spectrometer. Acquired MS data were analyzed using Thermo Biopharma
Finder software followed by manual inspection.
Machine learning for prediction of methionine SASA
Input set of crystal structures
A curated set of 712 antibody crystal structures with kappa light chains was used in this study. The input to the curation process were the PDB structures from RCSB 15 as of November 2015. We parsed coordinate entries from the PDB and performed a sequence alignment of individual chains to human and mouse antibody variable (VH, V) and junctional region (JH, J) germline sequences obtained from the International ImMunoGeneTics Information System (IMGT) database. 16, 17 Chains that returned alignments with at least 40 exact matches over the variable region and at least 6 exact matches in the junctional regions were retained, and the type (light or heavy) was assigned using the alignment with the highest identity over the variable region. Within a coordinate entry, pairs of light and heavy chains are assembled to generate the coordinates of the Fv (variable) region. If multiple light and heavy chain copies were present, the pair with the most number of light-heavy residueresidue contacts (using a 5 Å heavy-atom distance cutoff), subject to a minimum of 35 contacts, was designated as the representative Fv. The assignment of pairs was validated by cross-checking against the biological unit information provided in the REMARK 350 section of the PDB header. Structures with missing backbone atoms were removed from further analysis. For structures containing identical CDR H3s, the highest resolution structure was retained in the final set. Except for CDR H3, the residues were re-numbered using the Kabat numbering scheme. 18 For CDR H3, we adopted a numbering scheme adapted from that proposed by IMGT. 17 YASARA 19 was used to delete crystallographic waters and groups
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containing heteroatoms, as well as add any missing side-chains. Finally, all side-chains were optimized using steepest-descent minimization with the YASARA2 forcefield.
Generation of methionine mutations
Following the generation of the curated set of antibodies, a single methionine mutation was walked along the entirety of the heavy and light chains. The energy of the structure was minimized using the Dead-end-elimination (DEE) algorithm 20 on biconnected subgraphs 21 over a set of flexible side-chains that included the site of mutation and neighboring positions with a less than 5Å heavy-atom contact distance to the mutation site. Discrete rotamers were generated using the backbone-dependent Dunbrack rotamer library 22 in the following manner:
1. For the site of the mutation, rotamers with a probability greater than 0.1 times the highest probability rotamer were included. Nine variants were generated for each rotamer by a combinatorial perturbation of the 1 and 2 side-chain dihedrals by ± one standard deviation.
2.
For the neighboring sites, the side-chain was kept at its native rotameric state.
However, additional variants about this native state were generated in the same manner as for the mutation site by using the standard deviations from the closest rotamer in the rotamer library. In many cases, a mutation to methionine results in clashes that cannot be resolved by optimization over the side-chain degrees of freedom. This can potentially indicate that the structure is not an appropriate template for the new sequence containing the change to methionine. To reliably eliminate these cases, we performed an additional DEE optimization using the wild-type (WT) amino acid. Thus, for each position in each starting antibody structure, we generated two minimized structures; one with WT and one with the methionine mutant. Structures with methionine that showed more than one additional heavy-atom clash compared to the WT were discarded from further analysis. Two atoms were considered as clashing when the distance between them was less than 85% of the sum of their VdW radii.
An internal computational pipeline was developed in Python and C++ to perform the energy calculations and the DEE optimization.
Random forest regression
The SASA for methionine was calculated using the mutated and side-chain repacked structures prepared above. For each position i along the antibody sequence, a random forest regressor was trained to predict the SASA using the following model:
where, SASA i is the fractional SASA calculated from structure containing the methionine mutation at position i, AA i is the original WT amino acid at the position, 27 is the set of lengths of the heavy-and light-chain CDRs and Neighbor AA to i are the amino acids at neighboring 14 positions to i. A value of 164.67Å 2 , corresponding to the maximum exposed side-chain SASA of methionine, 28 was used to convert the absolute SASA to a fractional value. The amino acids in the model were encoded using an ordinal scale based on the ranks of the amino acid when ordered by increasing maximum exposed side-chain SASA 28 from G < A < S < C < D < P < T < N < V < L < E < Q < H < I < M < K < F < Y < R < W.
To reduce the complexity of the model, we limited the set of neighbors in the model in the following manner. Using the 712 input structures, we calculated the probability that two positions were in contact using a C-C cutoff of 12 Å. The set of positions in contact with the target position with a probability exceeding 0.5 were used in the model equation.
The randomForest 29 package (version 4.6-12) in R 3.2.4 was used to fit the model with 2500
trees. All other parameters were set to their default values. The resulting forest was used to predict the SASA for methionine residues in the set of 121 antibodies. The results of the predictions are listed in the Supplementary Table (Predictions tab of the Excel file).
Molecular dynamics simulations
All-atom MD simulations for ponezumab (PDB ID: 3U0T) and trastuzumab (PDB ID: 4HKZ)
Fab regions were carried out using YASARA. 19 The AMBER03 30 forcefield with explicit water was used with long-range Coulomb interactions calculated using the Particle Mesh Ewald method. The simulations were run in an orthorhombic box with periodic boundary conditions for 50 ns at a temperature of 298 K and a pH of 7.4. The net charge on the system was neutralized by the addition of Na+ and Cl-ions. To minimize simulation artefacts due to longrange interactions, the cell dimensions were set to 50Å greater than the extent of the Fab molecule. There were ~ 57500 waters and 160 pairs of Na+/Cl-ions in the simulation. The total number of atoms in the simulation were ~ 180,000. Simulation snapshots were saved 15 every 10 ps and used for subsequent analysis. Equilibration in the simulations was ascertained based on the Fv C RMSD from the starting structure (Supplementary Figure 1) .
For the methionine residues that were flagged as false negatives by the predicted SASA from the machine-learning method, the number of water molecules within a shell of 5.5Å 8, 13 and the SASA of the sulfur atom, were calculated over the last 40 ns of the simulation trajectory.
